The herpesviral nuclear egress complex (NEC), consisting of pUL31 and pUL34 homologs, mediates efficient translocation of newly synthesized capsids from the nucleus to the cytosol. The tail-anchored membrane protein pUL34 is autonomously targeted to the nuclear envelope, while pUL31 is recruited to the inner nuclear membrane (INM) by interaction with pUL34. A nuclear localization signal (NLS) in several pUL31 homologs suggests importin-mediated translocation of the protein. Here we demonstrate that deletion or mutation of the NLS in pseudorabies virus (PrV) pUL31 resulted in exclusively cytosolic localization, indicating active nuclear export. Deletion or mutation of a predicted nuclear export signal (NES) in mutant constructs lacking a functional NLS resulted in diffuse nuclear and cytosolic localization, indicating that both signals are functional. pUL31 molecules lacking the complete NLS or NES were not recruited to the INM by pUL34, while site-specifically mutated proteins formed the NEC and partially complemented the defect of the UL31 deletion mutant. Our data demonstrate that the N terminus of pUL31, encompassing the NLS, is required for efficient nuclear targeting but not for pUL34 interaction, while the C terminus, containing the NES but not necessarily the NES itself, is required for complex formation and efficient budding of viral capsids at the INM. Moreover, pUL31-⌬NLS displayed a dominant negative effect on wild-type PrV replication, probably by diverting pUL34 to cytoplasmic membranes. IMPORTANCE The molecular details of nuclear egress of herpesvirus capsids are still enigmatic. Although the key players, homologs of herpes simplex virus pUL34 and pUL31, which interact and form the heterodimeric nuclear egress complex, are well known, the molecular basis of this interaction and the successive budding, vesicle formation, and scission from the INM, as well as capsid release into the cytoplasm, remain largely obscure. Here we show that classical cellular targeting signals for nuclear import and export are important for proper localization and function of the NEC, thus regulating herpesvirus nuclear egress. FIG 6 Ultrastructural analysis of transgenic cell lines. RK13-UL31-⌬NES (A), RK13-UL31-NLS PM (C), or RK13-UL31-NES PM (D) cells were infected with PrV-⌬UL31 and RK13-UL31-⌬NLS cells were infected with PrV-Ka (B) at an MOI of 1 for 14 h and processed for electron microscopic analysis. Bars, 2 m in panels A to C; 4 m in panel D, 500 nm in the insets in panels A, B, and D and the upper inset in panel C, and 1 m in the lower inset in panel C.
H erpesvirus assembly and maturation proceed in two different cellular compartments. After capsid formation and genome packaging in the nucleus, nucleocapsids are translocated to the cytoplasm, where final maturation and egress from the host cell occur. To exit the nucleus, nucleocapsids bud at the inner nuclear membrane (INM), resulting, after scission of the vesicles, in primary enveloped virions in the perinuclear space. The primary envelope subsequently fuses with the outer nuclear membrane (ONM), thereby releasing the capsids into the cytoplasm (reviewed in references 1 to 4). The nuclear egress complex (NEC), which is composed of proteins homologous to herpes simplex virus 1 (HSV-1) pUL31 and pUL34, is the key player in this process and is conserved among all members of the family Herpesviridae studied to date. The NEC recruits viral and cellular kinases to phosphorylate, and thereby soften, the nuclear lamina to allow access of nucleocapsids to the budding sites at the INM. It also mediates membrane bending and vesicle scission. Absence of either pUL31 or pUL34 significantly impairs nuclear egress, while coexpression of both proteins is sufficient for membrane budding and scission not only in eukaryotic cells (reviewed in references 1 to 4) but also in model membrane systems, e.g., giant unilamellar vesicles (5) , demonstrating that no other viral or cellular proteins are required for these steps.
While the pUL34 homologs are tail-anchored membrane proteins residing in the nuclear membrane, pUL31 homologs constitute phosphoproteins localizing to the nucleus (6) (7) (8) (9) (10) (11) . In the absence of pUL34, pUL31 is found diffusely distributed in the nucleus but is recruited to the INM by its complex partner pUL34 (6, (11) (12) (13) (14) (15) (16) (17) . However, the molecular details of this interaction are still not fully understood and no crystal structures of the NEC or of the single proteins are available yet. Deletion and substitution analyses for different pUL34 homologs showed that the N-terminal part, which is well conserved between the different homologs, is necessary for pUL31 binding while the C terminus comprising the transmembrane domain is required for correct positioning but can be functionally substituted by heterologous sequences as long as a membrane anchor is provided (12, (18) (19) (20) (21) (22) (23) .
Comparison of the various pUL31 homologs from different herpesvirus subfamilies resulted in the identification of four conserved regions (CR1 to CR4) ( Fig. 1) (11) . The N-terminal part, which is variable in length in the different homologs, shows low sequence conservation but comprises a classical mono-or bipar-tite nuclear localization signal (NLS) in many of the pUL31 homologs (6, 9, 11, 24) . The NLS function was experimentally mapped to amino acids (aa) 18 to 27 in human cytomegalovirus (HCMV) pUL53 (24) and aa 1 to 106 in murine cytomegalovirus (MCMV) M53 (11) . Since all pUL31 homologs are present in the nuclei of transfected or infected cells, it is reasonable to speculate that the protein is actively imported by the classical importinmediated cellular pathway.
The pUL34 interaction domain of pUL31 was localized to CR1 in HSV-1, pseudorabies virus (PrV), HCMV, MCMV, and Epstein-Barr virus (EBV) homologs by protein complementation assays (25) . An amphipathic helix within this region predicted for HCMV pUL53 is supposed to be responsible for complex formation by a combination of hydrophobic and charge-charge interactions (26) . Nevertheless, sequences in CR2 and CR3 in HSV-1 pUL31 and MCMV M53 also influence the interaction with the respective pUL34 homologs (27, 28) . While CR3 of HSV-1 pUL31 was supposed to be involved in generating the curvature of the INM (27) , mutagenesis within CR4 of MCMV M53 yielded dominant negative mutant forms with defects in nuclear capsid release (29) . Yeast two-hybrid studies with PrV indicated that the N terminus (up to aa 41) comprising the predicted NLS is dispensable for pUL34 interaction in this artificial system (6) . In addition to its well-known function in nuclear egress, pUL31 might also be involved in capsid assembly and/or the DNA cleavage and packaging process (28, 30) , although this could not be corroborated for PrV (6) .
In this study, we performed mutational analyses of the predicted NLS and nuclear export signal (NES) in PrV pUL31 to further elucidate their role in NEC formation and function during nuclear egress.
MATERIALS AND METHODS

Cells and viruses.
Rabbit kidney (RK13) cells were cultivated in Dulbecco's modified Eagle's minimum essential medium supplemented with 10% fetal calf serum. Wild-type strain PrV Kaplan (PrV-Ka) (31) was grown on RK13 cells, while PrV-⌬UL31 and PrV-⌬UL31/US3 were propagated on RK13-UL31 cells (6) . Mutant PrV-⌬UL31/US3 was generated after the cotransfection of PrV-⌬UL31 genomic DNA (6) and plasmid p⌬US3gfp (32) into RK13-UL31 cells. Green fluorescing plaques were (11) . The pUL31 NLS and NES deletion mutant constructs used in this study are also shown. (B) Amino acid sequence of PrV pUL31. Underlined are the nuclear trafficking signals (NLS and NES) predicted by NLS (37) and NES (40) prediction software. Amino acids that were mutated to alanine are indicated by asterisks. (C) Alignment of CR4 of selected pUL31 homologs in three alphaherpesviruses (PrV, HSV-1, HSV-2), two betaherpesviruses (HCMV, MCMV), and a gammaherpesvirus (EBV). The predicted NES in PrV pUL31 is boxed, and conserved amino acids are highlighted.
purified to homogeneity and tested for correct deletion of UL31-and US3-specific sequences (data not shown).
Preparation of pUL31-NLS and pUL31-NES mutant constructs. Truncated versions of pUL31 were generated by PCR with Pfx DNA polymerase (Invitrogen), the primers listed in Table 1 , and pcDNA-UL31 (6) as the template. For cloning, PCR products were digested with EcoRI and ligated with EcoRI-cleaved mammalian expression vector pcDNA3 (Invitrogen). Point mutations were introduced by site-directed mutagenesis with the Agilent Technologies QuikChange II XL site-directed mutagenesis kit as described recently (20) with pcDNA-UL31 as the template. Correct amplification, cloning, and mutagenesis of all constructs were verified by sequencing.
Generation of stably expressing cell lines. For complementation studies, cell lines stably expressing the pUL31-NLS and pUL31-NES mutant constructs were generated. To this end, RK13 cells were transfected with the mutated pcDNA-UL31 plasmids by calcium phosphate precipitation (19, 33) . Cells were selected in medium containing 0.5 mg/ml G418, and correct protein expression was verified by indirect immunofluorescence and Western blot analysis.
Western blot analysis. For Western blot analysis, transgenic cell lines were harvested by scraping the cells into the medium. Cells were pelleted by centrifugation, washed twice with PBS, resuspended in sodium dodecyl sulfate (SDS) sample buffer, and disrupted by supersonic lysis. Cell lysates were separated by SDS-10% polyacrylamide gel electrophoresis and transferred onto a nitrocellulose membrane. After blocking with 3% skim milk, the membrane was incubated with a monospecific polyclonal rabbit serum directed against pUL31 (6) . Bound antibody was visualized by enhanced chemiluminescence (Super Signal West Pico; Thermo Scientific) and subsequently recorded in an image analyzer (Bio-Rad).
Laser scanning confocal microscopy. To analyze the localization of the mutated pUL31, RK13 cells seeded onto coverslips were transfected with the corresponding expression plasmids by calcium phosphate precipitation either singly or cotransfected with pcDNA-UL34 (34) . For analysis of protein localization during infection, transgenic cell lines were infected with PrV-Ka or PrV-⌬UL31 under plaque assay conditions. Cells were fixed with 3% paraformaldehyde 2 days after transfection or infection, washed with 50 mM NH 4 Cl in PBS, and permeabilized with 0.5% Triton X-100 in PBS. Fixed cells were incubated with rabbit anti-pUL31 serum (6) and mouse anti-pUL34 polyclonal serum (35) . Bound antibodies were detected by Alexa Fluor 488-conjugated goat anti-rabbit and Alexa Fluor 555-conjugated goat anti-mouse serum (Invitrogen). Fluorescent signals were recorded with a laser scanning confocal microscope (Leica SP5).
Complementation assays. To investigate the functional complementation of pUL31 constructs during infection, cell lines stably expressing pUL31 or the corresponding mutant proteins were infected on ice with PrV-Ka or PrV-⌬UL31 at a multiplicity of infection (MOI) of 3. One hour after infection, the inoculum was replaced with prewarmed medium and samples were incubated at 37°C for an additional hour. Subsequently, extracellular virus was inactivated by low-pH treatment (36) and cells were further kept at 37°C. At 24 h after infection, cells and supernatants were harvested and progeny virus was titrated on RK13-UL31. Mean values of three independent experiments and the corresponding standard deviations are shown. The statistical significance of differences between PrV-Ka and PrV-⌬UL31 infections was determined by Student's t test.
Ultrastructural analysis. For ultrastructural analysis, transgenic cell lines were infected at an MOI of 1 with PrV-Ka, PrV-⌬UL31, or PrV-⌬UL31/US3. Samples were fixed at 14 h p.i. and processed for transmission electron microscopy as described previously (34) .
RESULTS
Generation of pUL31-NLS and pUL31-NES mutant constructs.
Computer analysis predicted a bipartite NLS between aa 5 and 20 in PrV pUL31 (6, 24, 37) ( Fig. 1 ). To investigate its role in pUL31 localization and function, we either deleted the first N-terminal 25 aa ( Fig. 1A) or changed four arginine residues within this motif to alanines by site-directed mutagenesis (Fig. 1B) . The localization of the resulting protein product was determined by confocal microscopy after the transfection of RK13 cells with the corresponding expression plasmids (Fig. 2) . In contrast to wild-type pUL31, which is located in the nucleus, N-terminally truncated, as well as point mutated, pUL31 was found exclusively in the cytoplasm, although its predicted molecular mass (Ͻ28 kDa) should actually permit passive diffusion through the nuclear pore (38, 39) . This implied not only that the predicted NLS is functional but also that both NLS-deficient pUL31 constructs are actively excluded from the nucleus. To test for corresponding export motifs, the amino acid sequence of PrV pUL31 was analyzed by NES prediction software (NetNES 1.1 server, http://www.cbs.dtu.dk /services/NetNES/) (40) , which disclosed a leucine-rich NES between aa 246 and 254 within CR4 ( Fig. 1B) . Although the sequences within CR4 are well conserved in HSV-1 and -2 pUL31, and also partly in murine and HCMV M53 and pUL53 (Fig. 1C ), the software failed to detect a NES for these homologs.
To test for the function of the predicted NES in PrV pUL31, the C terminus, including the predicted NES, was deleted (aa 246 to the end; Fig. 1A ) or codons for two leucine residues within this motif were mutated to alanines, resulting in pUL31-⌬NES and pUL31-NES PM , respectively (Fig. 1B) . The corresponding pUL31 expression vectors were transfected into RK13 cells and analyzed by confocal microscopy (Fig. 2 ). Neither the NES deletion nor the leucine-to-alanine change in pUL31 showed an impact on the nuclear localization of the respective proteins, which were, like wild-type pUL31, detectable predominantly in the nucleus. How- ever, when the NLS and NES mutations were combined, resulting in pUL31-⌬NLS/NES and pUL31-NLS/NES PM (Fig. 1) , the proteins were found diffusely distributed throughout the cell (Fig. 2) , indicating that both the NLS and the NES are functional. Interaction of pUL31-NLS and pUL31-NES mutant constructs with pUL34. To analyze for interaction and vesicle formation, the pUL31-NLS and pUL31-NES expression plasmids were cotransfected with wild-type pcDNA-UL34 and analyzed by confocal microscopy ( Fig. 3 ). Coexpression of wild-type pUL31 and pUL34 leads to recruitment of nucleoplasmic pUL31 to the nuclear rim and the development of pUL31-or pUL34-containing speckles indicative of the formation of vesicles within the perinuclear cleft (35) . pUL31-⌬NLS failed to form speckles with pUL34, which was not surprising since the protein was excluded from the nucleus (Fig. 2) . Speckle formation was also not observed after cotransfection of pcDNA-UL34 with pcDNA-UL31-⌬NES and pcDNA-UL31-⌬NLS/NES, although the corresponding proteins are in the nucleus. Interestingly, a larger proportion of cytoplas- 
FIG 3
Colocalization of transiently expressed pUL31 mutant constructs with wild-type pUL34. To investigate the interaction of pUL31 constructs with pUL34, RK13 cells were cotransfected with the corresponding expression plasmids and colocalization was analyzed by confocal laser scanning microscopy of indirect immunofluorescence reactions with DAPI for labeling of chromatin and monospecific rabbit anti-pUL31 (red) and murine anti-pUL34 (green) sera. Bars, 10 m. mic pUL34 was observed after coexpression with pUL31-⌬NLS than after coexpression with wild-type pUL31 or the other mutant constructs.
Speckle formation could be observed after cotransfection of pcDNA-UL34 with pcDNA-UL31-NLS PM . This was surprising since the corresponding protein was, like pUL31-⌬NLS, detected exclusively in the cytoplasm after single expression ( Fig. 2) but found partially in the nucleus in the presence of pUL34 (Fig. 3) . However, the speckles exhibited a different morphology, irregular in size and bulging toward the cytoplasmic side. After cotransfection of pcDNA-UL34 with pcDNA-UL31-NES PM or pcDNA-UL31-NLS/NES PM , speckles indistinguishable from those of wildtype pUL31-and pUL34-transfected cells were present, indicating that the point mutations in pUL31-NLS or pUL31-NES do not abrogate pUL31-pUL34 interaction and vesicle formation.
Impact of mutations in pUL31-NLS and pUL31-NES on PrV replication. To analyze the importance of the NLS and NES regions in PrV pUL31 for virus replication, RK13 cell lines stably expressing the different truncated or mutated proteins were generated. Western blot analysis of cell lysates demonstrated protein expression at sizes expected from the mutations introduced. Expression levels were largely comparable to those of RK13-UL31, with the exception of RK13-UL31-⌬NES, which appeared to express a larger amount of pUL31 ( Fig. 4) .
To test for complementation, the stably expressing cell lines were infected with PrV-Ka or PrV-⌬UL31 at an MOI of 3. Viral progeny titers were determined at 24 h p.i. on RK13-UL31 cells (Fig. 5 ). All of the truncated mutant constructs (pUL31-⌬NLS, pUL31-⌬NES, and pUL31-⌬NLS/NES) failed to complement the defect of PrV-⌬UL31, which was expected, since no pUL34 interaction was detectable ( Fig. 3 ). Furthermore, pUL31-⌬NLS, which is found exclusively in the cytoplasm, exerted a significant dominant negative effect on PrV-Ka replication and virus titers were comparable to those of PrV-⌬UL31 on RK13 cells, indicating that pUL31-⌬NLS impairs the formation of a functional NEC and, consequently, nuclear egress.
Infectious progeny with only approximately 10-fold lower titers than those from RK13-UL31 cells could be found after infec-tion of RK13-UL31-NLS PM with PrV-⌬UL31. Approximately 100-fold reduced titers were detectable after infection of RK13-UL31-NES PM cells, while titers from cells expressing pUL31-NLS/NES PM were comparable to those derived after infection of nontransgenic RK13 cells, pointing to an additive effect of the mutations in NLS and NES (Fig. 5) .
Ultrastructural analysis. For in-depth analysis of the effect of the pUL31-NLS and pUL31-NES mutations, transgenic cell lines were infected with PrV-⌬UL31 or PrV-⌬UL31/US3 at an MOI of 1, fixed 14 h later, and processed for high-resolution transmission electron microscopy. In addition, RK13-UL31-⌬NLS cells were infected with PrV-Ka (Fig. 6B ). On RK13 cells expressing pUL31-⌬NES ( Fig. 6A ), pUL31-⌬NLS, and pUL31-⌬NLS/NES (not shown), PrV-⌬UL31 showed the same phenotype as on nontransgenic RK13 cells (6) . Capsids remained diffusely distributed in the nucleus, and neither budding at the INM nor primary enveloped virions in the perinuclear cleft nor final virus maturation stages in the cytoplasm were observed, despite the formation of capsidless L particles (Fig. 6A) , indicating that nuclear egress does not ensue. The same phenotype was found after infection of RK13-UL31-⌬NLS with PrV-Ka (Fig. 6B) , indicating that the cytoplasmic location of pUL31-⌬NLS precludes the formation of a functional NEC at the INM. All stages of herpesvirus morphogenesis, including primary envelopment at the INM, primary enveloped virions in the perinuclear space, secondary envelopment in the cytoplasm, and virions at the plasma membrane, were detectable after infection of RK13-UL31-NLS PM (Fig. 6C) , demonstrating that disruption of the nuclear import signal by site-specific mutagenesis does not block nuclear egress.
In contrast, nuclear egress was observed only rarely in RK13-UL31-NES PM cells infected with PrV-⌬UL31. However, a striking number of nucleocapsids were found closely attached to the INM, with only a few primary enveloped particles in the perinuclear cleft ( Fig. 6D) , indicating that the sequence containing the NES is dispensable for docking of nucleocapsids at the INM but required for primary envelopment. To investigate this in more detail, RK13- and NES mutant proteins. RK13 cells stably expressing native pUL31 or pUL31 mutant proteins were lysed, and proteins were separated by SDS-10% polyacrylamide gel electrophoresis. After transfer onto a nitrocellulose membrane, the blot was incubated with polyclonal monospecific rabbit anti-pUL31 serum. A control blot was incubated with a murine anti-␣-tubulin monoclonal antibody. UL31-NES PM cells were infected with PrV-⌬UL31/US3 (Fig. 7) . Deletion of US3 results in the accumulation of primary virions in the perinuclear cleft, which should enhance the observation of any effect of the mutations on these virus maturation intermediates (32) . An accumulation of primary enveloped virions was evident after the infection of RK13-UL31 with PrV-⌬UL31/US3 (Fig. 7B) . In PrV-⌬UL31/US3-infected RK13-UL31-NES PM cells, numerous nucleocapsids were detected closely attached to the INM, which was especially evident at invaginations of the nuclear membrane ( Fig. 7C and D) . These data confirm that mutation of the two leucine residues within the NES does not inhibit the docking of nucleocapsids at the INM but interferes with efficient budding.
Localization of pUL34 and mutated pUL31 during infection. To explain the discrepancy between the truncated and site-specifically mutated pUL31 proteins, localization of the NEC components was analyzed during infection. To this end, cell lines stably expressing the different pUL31 mutant constructs were infected with PrV-⌬UL31 under plaque assay conditions and analyzed by confocal microscopy 2 days postinfection (p.i.) (Fig. 8A) . During infection of wild-type pUL31-expressing cells, both proteins colo-calize at the nuclear rim, as described earlier (6), with pUL34 only faintly detectable in cytoplasmic structures. In contrast, after infection of cells expressing the truncated molecules pUL31-⌬NLS and pUL31-⌬NES, pUL34 was detectable with a punctate pattern in the cytoplasm in addition to its normal nuclear-rim staining, while the complex partner pUL31 was not recruited to the nuclear envelope. Nuclear-rim staining was evident for pUL34, pUL31-NLS PM , and pUL31-NES PM , indicating that these proteins interact, thus confirming the data of the transient-expression studies (Fig. 3) . The most drastic difference in pUL34 distribution is evident after infection of RK13-UL31-⌬NLS and pUL31-NLS PM -expressing cells, where pUL34 seems to be bound to the nuclear membrane in the presence of pUL31-NLS PM but is mislocalized in cells expressing pUL31-⌬NLS, indicating that the N-terminal 25 aa of pUL31 are important for correct and efficient nuclear-envelope targeting of pUL34.
To test whether this mislocalization of pUL34 also occurs during wild-type PrV infection, RK13, RK13-UL31-⌬NLS, and RK13-UL31-NLS PM cells were infected with PrV-Ka under plaque assay conditions and analyzed by confocal microscopy 2 days p.i. (Fig. 8B) . As observed after infection with PrV-⌬UL31, in PrV-Ka-infected RK13-UL31-⌬NLS cells, pUL34 was also found with a significant cytoplasmic localization pattern, suggesting that mislocalization of pUL34 leads to the dominant negative effect of pUL31-⌬NLS.
DISCUSSION
The NEC components homologous to HSV pUL31 and pUL34 are sufficient for membrane deformation and scission of membranous vesicles not only from the INM in eukaryotic cells but also in model membrane systems such as giant unilamellar vesicles, indicating that no other viral or cellular protein is necessary for this process (5, 35, 41) . However, the spatiotemporal regulation of NEC formation and function and how nucleocapsids are recruited into these vesicles remain incompletely understood. Mutational studies of pUL34 have already shed some light on the mechanism of NEC formation and function (12, (18) (19) (20) (21) (22) (23) , but corresponding data on pUL31 homologs are less comprehensive.
Many of the pUL31 homologs of herpesviruses comprise a predicted or experimentally proven classical NLS in their N-terminal domain, suggesting importin-mediated nuclear translocation of the protein (6, 9, 11, 24) . In the nucleus, pUL31 encounters and interacts with INM-targeted pUL34, forming the NEC (6, 13, 14, 17) , which then drives primary envelopment as a prerequisite for nuclear egress of herpesvirus nucleocapsids. In order to further investigate the role of pUL31 during nuclear egress, we performed mutational analyses and tested mutated pUL31 for localization, interaction with pUL34, and function during nuclear egress.
Disabling of the predicted NLS in PrV pUL31 by either deletion of the N-terminal 25 aa or site-specific mutagenesis of four arginine residues within this motif resulted in exclusion from the nucleus and the exclusive presence of pUL31 in the cytoplasm, which demonstrates the significance of the nuclear import signal. Mutation of only two adjacent arginine residues, R5 and R6 or R16 and R17, did not impair the nuclear targeting or nuclear egress function (data not shown), indicating that one stretch of basic amino acids is probably sufficient to mediate efficient nuclear import. This is consistent with data from other pUL31 homologs, where functional NLSs were reported to reside in the variable N terminus (9, 11, 24) . By in silico analysis, a leucine-rich NES could be uncovered for PrV pUL31 (aa 246 to 254) within C-terminal CR4 (Fig. 1) . PrV pUL31 mutant constructs simultaneously lacking the predicted NLS and NES sequences, pUL31-⌬NLS/NES and pUL31-NLS/NES PM , were indeed found diffusely distributed throughout the cell, indicating that nuclear exclusion is not due to the size or overall shape of the protein but that active export is involved. However, despite high sequence homology, at least within the alphaherpesvirus homologs (Fig. 1C) , a NES was predicted by the program NetNES only for PrV pUL31. Nevertheless, NLS mutations in HSV-2 pUL31, MCMV M53, and HCMV pUL53 resulted in cytoplasmic localization patterns similar to those of PrV pUL31, indicating that these proteins are also actively exported from the nucleus (9, 11, 24) . Although both PrV pUL31-NLS mutant constructs were detected exclusively in the cytoplasm when expressed singly, the presence of complex partner pUL34 resulted in speckle formation at the nuclear rim with pUL31-NLS PM , indicating that the protein reaches the nucleus, where it encounters and is retained by inter-action with pUL34, resulting in reorganization of the INM with speckle formation. However, the INM-derived speckles detected by confocal microscopy after cotransfection of pcDNA-UL34 and pcDNA-UL31-NLS PM exhibited a phenotype different from those formed by coexpression of the wild-type proteins, with striking protuberances reaching into the cytoplasm. Despite the different localization in transfected cells, pUL31-NLS PM complemented the defect of PrV-⌬UL31 to a significant extent, resulting in titers approximately 100-fold higher than those in noncomplementing cells, indicating that, even without a functional NLS, sufficient pUL31 is present in the nucleus to support a certain level of nuclear egress.
Speckle formation from the nuclear membrane could not be observed after coexpression of pUL34 with pUL31-⌬NLS, lacking the complete N terminus up to aa 25. In contrast to the regular smooth nuclear rim staining (34, 35) , pUL34 was found predominantly in the cytoplasm in a pattern reminiscent of the endoplasmic reticulum, indicating that pUL31-⌬NLS blocks pUL34 from reaching the INM or that the complete NEC is exported via the pUL31 NES function. It was therefore not surprising that pUL31-⌬NLS did not complement the defect of PrV-⌬UL31. Above all, the efficient depletion of pUL34 from the INM and relocation to cytoplasmic membranes, not only in transfected but also in infected cells (Fig. 8) , most likely explain the dominant negative effect of pUL31-⌬NLS on PrV-Ka replication.
The different phenotypes of pUL31-⌬NLS and pUL31-NLS PM indicate that not only does the functional NLS play a role in nuclear egress but sequences beyond the mutated arginine residues also participate in this process. Roller et al. (27) suggested that the NEC exists in two different conformations involving different parts of the proteins, one necessary for correct targeting of the complex and one necessary for membrane bending during primary envelopment. It might be speculated that complex formation involving the N terminus of pUL31 is required to prevent premature pUL34 escape from the INM as a prerequisite to allow multimerization, eventually resulting in membrane bending. For HSV-1 pUL31, six phosphorylation sites were identified in the N-terminal domain (42) . Analysis of the corresponding region deleted in PrV pUL31-⌬NLS revealed the presence of two serine residues (S12, S13) that are found in a context resembling the consensus sequences for phosphorylation by pUS3 (43) . We are currently investigating whether these sites are indeed targeted by phosphorylation and whether this modification contributes to the different phenotypes of pUL31-⌬NLS and pUL31-NLS PM .
In contrast to the N terminus containing the NLS, the C-terminal 26 aa of PrV pUL31 are required for pUL34 interaction. Despite wild-type-like nuclear localization, pUL31-⌬NES is not recruited to the INM by coexpressed pUL34. This is in line with results of yeast two-hybrid studies where only pUL31 fragments comprising the complete C terminus were fished with pUL34 as bait (6) . Mutation of two leucine residues within the predicted NES impaired efficient nuclear export, indicating that the signal is functional but might usually be masked or overcome by the NLS. Interestingly, the NES point mutations did not abrogate pUL34 interaction and vesicle formation either in the presence of the functional NLS (pUL31-NES PM ) or in its absence (pUL31-NLS/ NES PM ). However, despite complex formation, the titers of PrV-⌬UL31 derived from RK13-UL31-NES PM were approximately 100-fold lower than those of PrV-Ka and only background levels are produced in RK13-UL31-NLS/NES PM , pointing to an additive effect of the two mutations.
In ultrastructural analyses, budding at the INM and presence of primary virions are only rarely observed in RK13-UL31-NES PM infected with PrV-⌬UL31, although numerous nucleocapsids were found closely attached to the INM, indicating that docking of nucleocapsids at the INM takes place but budding is impaired. Infection of RK13-UL31-NES PM with PrV-⌬UL31/US3 resulted in a similar pattern, but in addition, inward bulges of both nuclear membranes, studded by nucleocapsids, are evident. The INM at these structures is lined with electron-dense material most likely representing the NEC as part of the primary tegument, but budding and scission obviously do not occur.
Interestingly, nucleocapsids closely attached to the INM were also observed after infection with PrV-⌬UL25 (44) or HSV-1-⌬UL25 (45) lacking one component of the capsid vertex-specific complex (CVSC). It was shown recently for HSV-1 that pUL25 interacts with pUL31, thereby selecting capsids for primary envelopment (30) , but pUL31 binding to capsids obviously also occurs in the absence of the protein (46), consistent with data for PrV (47) . Thus, it might be speculated that pUL31-pUL25 interaction is important for the envelopment of mature capsids and that mutation of the NES interferes with this interaction.
A charge cluster mutation in the amino terminus of HSV-1 pUL34 (D35A, E37A) also resulted in an impairment of primary envelopment of nucleocapsids (27) . The authors speculated that docking of capsids to the NEC at the INM triggers a change in NEC structure allowing interaction between the N terminus of pUL34 and the C terminus of pUL31. This structural change might be a prerequisite for multimerization of complexes, which then drives curvature around the capsids probably involving the CVSC (27) . Consistent with this model, capsid docking at the INM was not impaired by deletion of pUL25, mutations in the N terminus of pUL34, or mutation of the leucine residues in the C terminus of pUL31 (this study ; 27, 44) . This might also explain the discrepancies between the pUL31-pUL34 interaction domain determined in vitro (48) and by in vivo mutational analyses (19, 20, 22, 23, 27) . Additionally, the phosphorylation status of the pUL31 N terminus may regulate the budding step (5, 42) .
Nevertheless, the presence of neither capsids nor pUL25 is essential for primary envelopment, since the NEC components alone are sufficient for the formation of primary envelopes from the INM (35, 41) or vesicle formation from artificial membrane systems (5) .
In summary, we show here that PrV pUL31 contains not only a functional nuclear import signal but also a NES. Deletion of these motifs abrogates NEC formation and impairs viral replication while inactivation of the corresponding motifs still allows partial NEC function. The N-terminal 25 aa of pUL31, including the NLS, are required for efficient nuclear localization and proper positioning of the NEC but not for interaction with pUL34. An intact NLS is not required, but sequences within the N-terminal 25 aa are essential for vesicle formation, whereas the C-terminal 26 aa are necessary for interaction with pUL34. In addition, the leucine residues within the NES motif play a major role in the budding process. However, it remains unclear if the NES acting as a NES involves exportin binding or has an as-yet-unknown function in primary envelopment at the INM during herpesvirus nuclear egress. Since the mutated leucine residues are also part of a predicted SUMO binding site (Eukaryotic Linear Motif; http://elm.eu .org/) (49) , the regulation of pUL31 and/or NEC function via corresponding protein modifications needs further investigation.
